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SUMMARY 
' !  
Flow visua l iza t ion  s tudies  were conducted to  eva lua te  techniques  for  
in jec t ing  gases  in to  a spher ica l  cav i ty  for a p p l i c a t i o n  t o  t h e  open-cycle 
gaseous-core nuclear rocket engine. The inner gas was in j ec t ed  in to  the cavi ty  
from a small diameter 'point'  source to simulate gaseous nuclear fuel. The 
outer stream was in jec ted  *om the per ipheral  wall t o  simulate the propellant.  
The s tudy  was concerned with developing injection configurations that would 
r e s u l t  i n  good simulated-fuel containment characteristics, i .e.,  more than 
twenty percent of the  cavi ty  f i l l e d  w i t h  i nne r  gas  fo r  r a t io s  of outer-stream 
flow rate t o  i n n e r  -stream flow ra t e  g rea t e r  t han  100. A major port ion of the  
t e s t s  were conducted i n  a spher ica l  chamber with maximum diameter and length 
of 12 in .  (30.5 cm) and 15 in .  (38.1 cm), respec t ive ly ,  which terminated with 
an exhaust nozzle having a throat diameter of 2 in .  (5.1 cm). The outer gas 
was a i r  f o r  a l l  t e s t s  and the inner gases were air and Freon-11. Flow 
visua l iza t ion  was obtained by coloring the inner gas with iodine gas and 
photographing the flaw wi th  a s t i l l  camera, real-t ime motion p ic tures ,  and 
high-speed motion pictures. 
A preliminary study was conducted with six inner-gas and e ight  ou ter -  
s t ream inject ion configurat ions to  develop a su i tab le  in jec t ion  conf igura t ion .  
Addi t iona l  tes t s  were conducted with the best  configurat ion from the  
pre l iminary  tes t s  to  de te rmine  the  e f fec t  of the outer-to-inner-stream weight- 
flow ra t io ,  the  inner -gas  in jec tor  loca t ion ,  the  inner  gas ,  and the outer-  
s t ream f low dis t r ibut ion on the estimated inner-gas containment volume. 
Approximately 25 percent of the  spher ica l  cav i ty  was f i l l e d  wi th  a high 
concentration of the s imulated fuel  for  a weight-flow r a t i o  of 100 with a i r  
as the inner gas.  For t e s t s  w i t h  Freon-11 as  the inner  gas  ( inner  to  outer  
s t ream dens i ty  ra t io  equal  4.7), and a weight-flaw r a t i o  of 20, approximately 
22 percent of the cavity was f i l l e d  wi th  a high concentration of the inner 
gas. Further development of the outer-stream injection configuration i s  
required to  obtain desirable  s imulated-fuel  containment  character is t ics  with 
r a t i o s  of s imulated-fuel  densi ty  to  s imulated-propel lant  densi ty  greater  than 
one. 
I 
INTRODUCTION 
The goal of developing a gaseous-core nuclear rocket engine i s  des i rab le  
because the potential  specific impulse obtainable is  high (between 1500 and 
5000 sec )  and because the potent ia l  engine thrust- to-weight  ra t io  i s  grea te r  
than one.  Because  of t h i s  p o t e n t i a l ,  a n a l y t i c a l  and exper imenta l  s tud ies  to  
determine the feasibil i ty of several open-cycle and closed-cycle versions of 
the gaseous-core nuclear rocket have been conducted a t  NASA-Lewis Research 
Center , t h e  United Aircraft Research Laboratories, and elsewhere since 
approximately 1957. For the  open-cycle  gaseous-core  rockets,  the  nuclear 
f u e l  and the propel lant  are both exhausted from the engine through the nozzle. 
For the closed-cycle gaseous nuclear rockets, the nuclear fuel i s  separated 
from the propellant by a t ransparent  wall inside the engine and is  not 
exhausted with the propellant. The f l u i d  mechanics study reported herein i s  
app l i cab le  to  the  open-cycle concept. 
The o r ig ina l  open-cycle coaxial-flow concept, outlined in Ref. 1, has 
been modified and refined such tha t  t he  r eac to r  chamber presently envisioned 
has an approximately spherical  shape rather than the original cylindrical  
shape. Descriptions of the current concepts, estimates of the performance 
and component requirements, and a survey of previous work on open cycle 
concepts  are  presented in  Refs. 2 and 3. I n  a l l  of these concepts the nuclear 
f u e l  and propel lan t  a re  in jec ted  in to  the  reac tor  chamber a t  d i f f e ren t  
loca t ions  and exhausted together f’rom the reactor  chamber through the nozzle. 
The energy generated from nuc lea r  f i s s ions  in  the  gaseous f u e l  i s  t ransfer red  
to  the propel lant  by thermal  radiat ion.  The f l u i d  mechanics requirements are 
that (1) a la rge  f rac t ion  of  the  reac tor  chamber be f i l l e d  w i t h  gaseous 
nuclear f u e l ,  i.e., high containment, and ( 2 )  t h e  r a t i o  of the propellant 
weight-flaw rate to the gaseous nuclear fuel weight-flaw rate be large.  
Background Information 
Coaxial Flow Studies .  - Most of the previous experimental and ana ly t i ca l  
inves t iga t ions  of t he  f l u i d  mechanics for the coaxial-flaw gaseous-nuclear 
rocket  (GNR) engine have studied coaxial  jets issuing into a chamber with a 
sharp discont inui ty  between the  fas t  moving s imula ted  propel lan t  in  the  outer  
stream and the slow moving simulated fuel of the inner j e t .  These previous 
s t u d i e s  a t  Lewis Research Center, I l l i n o i s  I n s t i t u t e  o f  Technology, and 
United Aircraft Research Laboratories are summarized or c i t e d  i n  Ref. 3. 
These s tudies  were thought t o  be appl icable  to  the coaxial-f low region of the 
engine (see Fig. 1). However, the flow, which resu l ted  from t h e s e  i n l e t  flow 
conditions had large or moderate scale  turbulent  mixing and had poor contain- 
ment character is t ics  with respect  to  that  required for  economical  operat ion of  
the rocket engine. 
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A flaw visual izat ion s tudy (Ref. 4)  of some of  the coaxial  jets described 
above indicated that  the  la rge  eddy structure developed rapidly near the 
i n l e t  p l a n e .  When these results were r e l a t e d  t o  t h e  results of previous and 
concurrent  analyt ical  and experimental studies of the growth of wave-like 
, disturbances in  shear  layers (Refs. 5 through 7 ) ,  a method of improving the 
containment characteristics for the coaxial-flaw region was proposed (Ref. 8). 
: This method consisted of providing a larger  shear  layer  width a t  the coaxial-  
: f low reg ion  in le t  p lane ;  the  t rans i t ion  from the high-velocity outer stream t o  
the lawer-velocity inner j e t  being gradual ,  ra ther  than abrupt .  The flow 
: visual izat ion  s tudies   of  R e f .  8 ind ica ted  qua l i ta t ive ly  that a more des i rab le  I 
flaw could be obtained with this  inlet  condi t ion.  The large-scale eddies 
found f o r  many flaw cond i t ions  in  R e f .  4 were suppressed by sui table  mcdif ica-  
t i o n  of t h e  i n l e t  geometry. The suppression of these large-scale eddies i s  
des i r ab le  fo r  a ful l -scale  reactor  s ince this  reduces mixing between f u e l  and 
propel lant .  
Concentration measurements of a two-component coaxial  flaw i n  a cy l ind r i -  
c a l  c a v i t y  (Ref. 9 )  i nd ica t e  tha t  a simulated-fuel volume f r ac t ion  of 
approximately 20 percent was obtained a t  r a t i o s  of simulated-propellant flaw 
ra t e  to  s imula t ed - fue l  f l ow ra t e  g rea t e r  t han  200 by reducing the scale and 
i n t e n s i t y  of  the turbulent  t ransport  between the s imulated fuel  and simulated 
p r o p e l l a n t  t o  a s u f f i c i e n t l y  low leve l .  The application of the information 
obtained from these and previous coaxial-flow tests a t  Lewis Research Center 
and t h e  I l l i n o i s  I n s t i t u t e  of Technology i s  limited to  the  coaxia l - f law reg ion  
of the engine chamber. 
Tear-Drop Cavity Studies.  - Recent s tud ies  have been directed toward 
obtaining desirable containment flow conditions i n  a two-dimensional tear-drop 
cav i ty  with small-diameter ' l ine ' sources. These s tudies  have  been explor- 
a tory  and q u a l i t a t i v e  i n  that  most of the  e f for t  has  been directed toward 
obtaining a desirably appearing flaw rather  than obtaining detai l  f low measure- 
ments. The f irst  study employing a tear-drop shaped chamber wi th  cy l indr ica l  
porous walls was conducted a t  Lewis Research Center (Ref. 10). This study i s  
currently being extended to include two component flaws i n  a la rger  cavi ty  a t  
Idaho Nuclear Corporation. 
Objectives of this Study 
A t  present ,  parametr ic  s tudies  on the nucleonics,  f l u i d  mechanics, and 
heat t r a n s f e r  f o r  t h e  open-cycle reactor are being conducted or directed by 
the NASA-Lewis Research Center. Models for each aspect of the reactor are 
information (e .g. , Refs. 4 and 8 through 13) for parametric system studies to 
determine the "trade-offs" and f e a s i b i l i t y  of the reactor concept (Refs. 14 
through 16). Therefore, the general purposes of the present study are 
Q ,  continuously  being  revised,  studied, and evaluated  in   order   to   provide 
3 
(1) t o  improve t h e  f l u i d  mechanics cha rac t e r i s t i c s  i n  the  chamber with respect  
t o  the  p rev ious ly  mentioned f l u i d  mechanics requirements, and ( 2 )  t o  provide 
qua l i ta t ive  data concerning the chamber containment characterist ics.  
The present study i s  the  f i r s t  which employs flaw i n  t h e  geometry 
envisioned for use in  the  fu l l - s ca l e  eng ine .  For a l l  the  tests i n  t h i s  s t u d y ,  
the simulated f u e l  was in j ec t ed  in to  the  chamber from a small 'point '  source 
rather  than being injected *om a re la t ive ly  la rge  'd i sc '  source  as i n  t h e  
previous coaxial  studies or from a ' l i ne  ' source as i n  t h e  two-dimensional 
s tudies .  A major  problem in the current experiment i s  t o  produce favorable 
conditions for the expansion of the simulated fuel by properly choosing the 
in j ec t ion  ve loc i t i e s  and flaw r a t e  of the simulated-propellant in the develop- 
ing flow region. This expansion from a small source i s  r equ i r ed  in  o rde r  t o  
obtain a volume of nuclear  fuel  large enough fo r  nuc lea r  c r i t i ca l i t y  wi th  
reasonable cavity pressures.  
The exploratory s tudy descr ibed in  this  report  deviated from the o r ig ina l  
p lan  to  ex tens ive ly  s tudy  the  flaw c h a r a c t e r i s t i c s  i n  a chamber wi th  porous 
walls. Rather than explore the effects of many poss ib l e  in l e t  flow conditions 
with the porous wall configurat ion,  the effor t  was redirected toward develop- 
ing the outer-s t ream inject ion geometry which would resu l t  in  la rger  inner  gas  
containment volume fract ions.  Several  inner-gas  injectors  and outer-stream 
inject ion configurat ions were fabricated and t e s t ed  du r ing  th i s  phase of t he  
study. Tests t o  document the  e f f ec t s  of f low injection conditions were 
conducted with the inject ion configurat ion for  which the  bes t  containment 
cha rac t e r i s t i c s  were obtained during the preliminary tests.  This report  
contains a summary of the work done t o  d a t e  t o  o b t a i n  d e s i r a b l e  containment 
cha rac t e r i s t i c s  i n  the  sphe r i ca l  cav i ty .  The inject ion configurat ion for  
which paramet r ic  tes t s  were conducted should be considered as an intermediate 
s t ep  in  the  pa th  toward an acceptable configuration for the open-cycle engine 
ra ther  than  a configurat ion to  be employed for  the  rocke t  development. 
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11 DESCRIFTION OF EQUIPMENT AND PROCEDURES 
Equipment 
Flow System. - A photograph of the spherical cavity tes t  apparatus 
employed i n  the major por t ion  of t h i s  s t u d y  i s  shown i n  Fig. 2. Two gas 
streams were supplied t o  t h i s  a p p a r a t u s :  an inner stream t o  simulate the 
gaseous nuclear fuel and an outer stream t o  simulate the propel lant .  The 
i: t o  t h e  v e r t i c a l  t u b e  shown i n  F i g .  3 a t  the  upper end of the disassembled 
! 7 8  " inner stream was ducted   d i rec t ly   to   the   inner -gas   in jec tor  which was attached 
cavi ty .  The outer stream was ducted through variable area flowmeters, valves,  
and hoses t o  t h e  plenum chamber i n l e t  d u c t s .  A part icular  outer-s t ream 
inject ion configurat ion was a t tached  to  the  p la tes  separa t ing  the  plenums i n  
Fig. 3. To supply the desired combinations of i nne r - j e t  and outer-stream 
gases and gas weight-flow rates t o  t h e  t e s t  a p p a r a t u s ,  a combination of gas 
generators,  heaters,  and compressors  were  used. A i r  flow for  the outer  s t ream 
was drawn into the cavity using the Research Laboratories vacuum system. The 
t o t a l  flow ra te  for  the  outer  s t ream was measured with a nozzle  located in  the 
outer-stream supply l ines.  The inner-stream gas flow r a t e  was measured with 
a variable area flowmeter. The outer stream was heated t o  approximately 
203 deg F (95 deg C )  using the 'light-gas' supply system described in Ref. 17. 
The inner  - je t  gases  used were a i r  and Freon-11. The a i r  was obtained from 
the 400 p s i  (2.76 x lo6 N t / m 2 )  a i r  supply and heated t o  250 deg F (120 deg C )  
i n  a conventional tube-and-shell heat exchanger. The Freon-11 was vaporized 
on the  she l l  s ide  of a tube-and-shell heat exchanger and superheated i n  the 
air  superheater. The average cavity pressure was approximately 14 ps ia  (9.3 x 
lo4 Nt /m2)  . 
Inner-Stream 1n;iector Configurations. - Sketches of the inner-stream 
inject ion configurat ions employed in  the  s tudy  are shown i n  Fig. 4 a- f .  These 
configurations are designated (a) Sintered Metal Sphere, (b) Sintered Metal 
Hemisphere, ( c )  Ceramic F i l t e r  Cylinder with Porous End, (d )  Ceramic F i l t e r  
Cylinder with Solid End, ( e )  Ceramic F i l t e r  Cup, and ( f )  Foam and D r i l l  Tube 
In jec tors .  The materials,  dimensions, and cons t ruc t ion   de ta i l s   for   each  
in jec tor  a re  shown in  F ig .  4. The inject ion areas  for  these configurat ions 
vary from 4 t o  12 sq  in .  (25 t o  75 sq  cm).  For a t y p i c a l  flow condition with 
a weight flow r a t i o ,  WO/WI, equal 100 and a i r  as the inner  gas ,  typical  inner  
gas flow conditions have flow r a t e s  of 0.005 lb/sec (0.0023 kg/sec) and : dens i ty .  of 0.050 lb/f t3  (0.8 mg/cc). The ve loc i t i e s  a t  the  in jec t ion  sur face  
'' vary from 1.2 t o  4.8 f t / s e c  (0.42 t o  1.7 m/sec). 
A sketch of the apparatus employed i n  t h e  Inner-Gas Source Region t e s t s  
I ?  
i s  shown i n  F i g .  5. This apparatus was constructed from p a r t s  used i n  t h e  
construct ion notes  are  shown in  F ig .  5. The inner-stream gas was heated, 
' !  coaxial-f low  s tudies   descr ibed  in  Refs. 8 and 9. The dimensions and 
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colored with iodine vapor, and metered f o r  a l l  tests.  The outer-stream gas 
was drawn in to  the  cy l ind r i ca l  cav i ty  from the laboratory without metering, 
through a porous p l a t e  and foam i n l e t  similar t o  t h a t  employed i n  Ref. 9. The 
flow r a t e  was estimated f’rom pressure drop information and was maintained 
constant  for  the prel iminary tests by opening exhaust flow con t ro l  va lves  to  
ident ica l   pos i t ions .  
Outer-Stream Injection Configurations.  - The eight  outer-s t ream inject ion 
configurations employed du r ing  t e s t s  i n  the  spher ica l  cav i ty  were made of 
combinations of three downstream configurations and s i x  upstream configurations. 
These configurations were employed i n  t h e  combinations given i n  TABU I f o r  t h e  
preliminary tests.  Sketches of the downstream configuration and four  upstream 
configurations and construct ion notes  are  shown in  F igs .  6a-h. The Porous 
Wall Cavity (€W) (Figs. 6a and 6b) in jec t ion  sur face  was constructed of trans- 
parent lexan sheet punched with 1/4 t o  3/8-in. (0.65 t o  0.92-cm)-dia holes and 
covered  with  1/4-in.  (0.65-cm)-thick foam. The Conical Wall J e t - I  ( C J - I )  
upstream and the Conical Wall J e t  ( C J )  downstream configurat ion are  shown i n  
Figs. 6c and 6d. The Conical Wall Jet-I1 (CJ-11) upstream configuration was 
constructed by removing the  per fora ted  p la te  and foam i n l e t  from plenum 1 and 
the  wall j e t s  from plenums 2 and 3 and replacing them with a s ingle  foam and 
porous plate  inlet  located a t  the  downstream end of plenum 3. For the  
Coaxial Flow (CF) configuration, the Conical Wall Jet-I1 configurat ion was 
modified by i n s t a l l i n g  a 10.0-in. (25.4-cm)-dia cylinder of lexan sheet from 
t h e  p l a t e  between plenums 3 and 4 t o  t h e  p l a t e  between plenums 9 and 10. This 
configuration was n e a r l y  i d e n t i c a l  t o  t h e  c y l i n d r i c a l  chamber and i n l e t  shown 
i n  F i g .  5. The Annular Wall Jet-I (AJ-I) upstream configuration (Fig. 6e) 
had the  foam and perforated plate i n l e t  a t  t he  downstream s ide  of plenum 3 
used in  the Conical  Wall J e t - I 1  and Coaxial Flm c a v i t i e s  and annular wall 
je ts  a t  plenums 4 and 5. The Conical Wall (CW) downstream sec t ion  was 
constructed of lexan sheet as s h m n  i n  F i g .  6f. The configuration used f o r  
the parametric study i s  shown i n  F i g .  6g,h. The upstream configuration, 
designated Annular Wall Je t - I1  (AJ- I I ) ,  was obtained by modifying the Annular 
Wall Je t - I  conf igura t ion  to  obta in  a more spherical shape. The Conical Wall 
J e t  ( C J )  configuration was used f o r  t h e  downstream section. 
For most of  the tes ts ,  the  outer  s t ream flaw rate was 0.5 lb/sec 
(0.23 kg/sec) with approximately 0.055 lb/sec (0.025 kg/sec) through each of 
the nine plenums. With gas  densi ty  of approximately 0.05 l b / f t 3  (0.8 mg/cc) , 
the  to ta l  ou ter  s t ream volumetr ic  flow r a t e  was approximately 10 cu f t / s ec  
(28 l i t e r / s e c ) .  Because the inject ion area var ies  for  each plenum, the outer  
s t ream in jec t ion  ve loc i ty  var ied  from approximately 10 t o  100 f t / s ec  (3.2 t o  
32 m/sec) for  the  flaw from plenums 3 through 10. 
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Procedures 
Flow Visualization. - A schematic of the op t i ca l  system used f o r  t h e  flow 
visualization photography of the containment tests is  shown i n  F i g .  7. Light 
was supplied by tungsten-halogen (bromine) quartz lamps and diffused with 
drawing vellum t o  provide uniform background illumination. Iodine was used 
: t o  co lo r  t he  inne r - j e t  gas  for a l l  of the  flow v i sua l i za t ion  t e s t s .  For the  
black and white photographs,  l ight  to  the films was f i l t e r e d  a t  a wavelength 
I absorbed by the iodine vapor t o   o b t a i n  good cont ras t  between the regions with 
and without iodine colored inner gas. Ty-pe 7241 EF Kodak Ektachrome f i lm was 
used f o r  a l l  motion pictures obtained. Film sequences were obtained with 
Fastax and Miliken cameras a t  24 t o  500 frames per second. 
1 .  
Containment Estimating Technique. - The volume f r ac t ion  of inner gas 
within the spherical  cavi ty  was estimated from color motion picture frames. 
The frame was pro jec ted  to  draf t ing  paper  and the  out l ine  of the dense and 
the l ighter  inner-gas  regions and of several  geometrical  parts was drawn. 
The densi ty  of  the inner  gas  in  each region was estimated by the author based 
on previous experience and previous comparisons between resul ts  obtained by 
flow visual izat ion concentrat ion measurement techniques (Ref. 9).  
PRELIMINARY EVALUATION OF VARIOUS  INNER-STEAM 
AND OUTER-SmAM INJECTION  CONFIGURATIONS 
A s e r i e s  of exp lo ra to ry  t e s t s  were conducted t o  develop an injection 
configuration with which good containment charrzcteristics could be obtained 
i n  t h e  s p h e r i c a l  chamber. The f irst  problem was to obtain expansion of the 
inner  gas from a small diameter  'point'  source.  Consequently, a s e r i e s  of 
t e s t s  were conducted e a r l y  i n  t h e  program t o  determine how bes t  to  s imula te  
a point source and t o  o b t a i n  uniform nonmixing expansion of the inner gas 
from tha t  source. These t e s t s  a r e  d e s c r i b e d  i n  t h e  Inner-Gas  Source Regiorl 
Tests  sect ion.  A second s e r i e s  o f  t e s t s  were conducted t o  develop an 
acceptable outer-stream injection configuration. These tests are described 
i n  the Outer-Stream In jec t ion  Tests sect ion.  During the evaluation and 
redesign of the outer-stream injection configurations,  an effort  was made t o  
keep the cavity as spher ica l  as  poss ib le  so t h a t  the configuration developed 
would be compatible  with nuclear  cr i t ical i ty  and weight requirements for the 
ful l -scale  engine.  The outer-stream injection configuration developed during 
t h e s e  t e s t s  should be considered an interim configuration because, although 
the containment characteristics obtained with it are  bet ter  than those obtain-  
ed wi th  the  in i t ia l  conf igura t ion ,  they  probably  are n o t   s u f f i c i e n t l y   g o d   f o r  
the ful l -scale  engine.  
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Inner-Gas Source Region Tests 
Flow v i s u a l i z a t i o n  t e s t s  were conducted t o  determine the effect of 
inner-s t ream injector  configurat ion on the  inner-stream flow cha rac t e r i s t i c s  
and t o  determine what outer-stream flow characteristics are required near the 
inner -s t ream in jec tor  to  obta in  a uniform nonmixing expansion of the inner-  
stream from a small source. For these tes ts ,  the inner gas ( a i r )  was heated 
t o  approximately 250 deg F (120 deg C )  and colored with iodine gas and the  
outer-stream gas was drawn into the apparatus from the laboratory.  
Inner-Gas Injector  Tests .  - The f i r s t  s e r i e s  of t e s t s  were conducted t o  
determine the inner-gas flow characterist ics near the injector.  These t e s t s  
were conducted i n  t h e  c y l i n d r i c a l  chamber apparatus (Fig. 5 )  with LC = 30 i n .  
(76 cm) and DB = 7.1 i n .  (18.0 cm). The flow from the  Sintered  Metal  Sphere 
(Fig.  4a),  the Sintered Metal Hemisphere (Fig. 4b), and t h e  Ceramic F i l t e r  
Cylinder with Porous End (Fig.  4c) was uniform and appeared 'laminar like'.  
The flow f'rom the  Foam and Dri l led Tube (F ig .  4 f )  was less uniformly injected 
and  appeared turbulent  near  the  injector.   Although  the  Sintered Metal  Sphere 
(Fig. 4a) and the Sintered Metal Hemisphere (Fig. 4b) were constructed of 
n icke l  which i s  very  res i s tan t  to  iod ine  cor ros ion ,  these  in jec tors  became 
clogged af ter  several  hours  operat ion.  When the Sintered Metal injectors were 
clogged (indicated by increased pressure drop across injector),  the flaw rate 
was l e s s  uniform  about  the  sphere and hemisphere b u t  appeared  laminar.  These 
nonuniformities caused undesirable asymmetries i n  t h e  flow wi th in  the  cavi ty .  
The Ceramic F i l t e r  Cylinder with Porous End a l s o  became clogged and ruptured 
a f te r  the  source  reg ion  tes t s  and a f t e r  s e v e r a l  t e s t s  i n  t h e  s p h e r i c a l  c a v i t y .  
As a r e s u l t  of t h e s e  d i f f i c u l t i e s ,  a f i l t e r  system was i n s t a l l e d  upstream of 
t h e  i n j e c t o r s  t o  remove any iodine ' r u s t '  p a r t i c l e s  from the a i r  stream. A 
ceramic F i l t e r  Cylinder with Solid End (Fig. 4d) was fabricated from the 
remaining stock of the porous cylinder.  The inner gas injected from t h i s  
configuration was a l s o  uniform and ' laminar  l ike ' .  However, a t  higher inner- 
gas flow rates,  the inner-gas stream issuing from t h i s  i n j e c t o r  had a r a d i a l  
j e t  c h a r a c t e r i s t i c  ( r a d i a l  outward flow a t  a high ra te )  without any of t he  
inner gas flawing downstream. In  o rde r  t o  ob ta in  ax ia l  as wel l  as radial  f low 
from the inner stream source,  an alternate inner-gas small diameter source 
was sought. A ceramic automobile gasoline l ine fi l ter  was found t o  have these 
cha rac t e r i s t i c s .  Flow from the Ceramic F i l t e r  Cup (Fig.  4e)  injector  was 
uniform and appeared laminar near the injector. 
Source Region Outer-Stream Flow Tests .  - A second s e t  of t e s t s  were 
conducted t o  determine the effects of the outer-stream flow distribution on 
the expansion of the inner-gas from t h e  i n j e c t o r  t o  t h e  containment region. 
These t e s t s  a l s o  were conducted in  the apparatus  shown i n  Fig. 5 with LC = 
8.0 in. (20.3 cm) and the  Ceramic Fi l ter  Cyl inder  with Sol id  End in j ec to r  
(Fig. hd) . The outer-stream flaw was drawn in to  the  cav i ty  from the laboratory 
and was maintained approximately constant a t  about 0.5 lb/sec (0.23 kg/sec) 
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fo r  t he  s ix  tests. Outer stream injection was t a i l o r e d  by varying the blockage 8 diameter DB (see Fig.  5).  The inner-stream flow was va r i ed  to  ob ta in  r a t io s  
i I 
of WO/WI equal approximately 20,  30, and 60. The outer-stream injection con- 
f igura t ions  had the blockage diameters of DB = 3.0, 7.1, and 8.5 i n .  (7.6, 
18.0, and 21.6 cm). For t e s t s  w i t h  DB = 3.0 i n .  (7.6 cm), the inner gas flawed 
a x i a l l y  from the  in j ec to r  and r e s u l t e d  i n  a small diameter cylinder of inner 
gas near the center of t he  chamber. When the blockage diameter, IIB, was 
inc reased  to  7.1 and 8.5 in .  (18.0 and 21.6 cm), the outer stream entrained 
the inner gas from the  in j ec to r  and formed a large diameter region of inner 
I?! gas in the upstream end of the chamber. For the  tests with DB = 7.1 in .  
i? (18.0 cm), increasing the inner-gas flow rate to  decrease  Wo/WI from 60 to 30 ,  
increased the amount of inner  gas  in  the region near  the injector .  A fu r the r  
increase  in  WI t o  dec rease  WO/WI t o  20, did not  fur ther  increase the amount of 
inner gas within the chamber. Rather, the inner gas became  more turbulent ,  
more mixing occurred between the inner and outer streams, and r ec i r cu la t ion  
occurred  upstream  of  the  exhaust  nozzle. For t e s t s  with = 8.5 in .  (21.0 cm), 
the inner-gas region was la rger  than  for  tes ts  with @ = 7.1 in .  (18.0 cm) b u t  
l e s s  dense because some rec i rcu la t ion  occurred  for  a l l  the  flow r a t i o s .  
Increasing the inner-gas flow ra te  a l so  increased  the  s t rength  of  the  inner -  
gas  rec i rcu la t ion  ce l l ;  some of t h i s  r ec i r cu la t ion  may have been due t o   t h e  
lack of a x i a l  flaw from t h i s  in j ec to r  as mentioned in the previous paragraph. 
Concluding Remarks. - Following are the conclusions from the Inner-Gas 
Source  Region t e s t s  w i th  a i r  as both the inner and outer gases:  (1) with the 
proper outer-stream flow distribution, it i s  poss ib l e  to  ob ta in  a large volume 
of inner gas i n  t h e  upstream end of the  chamber when the inner gas i s  in jec ted  
through a small diameter source; ( 2 )  the inner-gas injector should have 
provision for a x i a l  as wel l  as r a d i a l  flaw to s imulate  spherical  point  source 
cha rac t e r i s t i c s  i n  the  cav i ty  and t o  prevent  rec i rcu la t ion  ce l l s  from forming 
near the in j ec to r  when the inner gas i s  in jec ted  a t  re la t ive ly  h igh  flow 
r a t e s ;  (3) nonuniformities of flaw through the injector causes flow asymmetries 
i n  the  cav i ty ;  and (4 )  the s intered metal  injectors  are  more s u b j e c t  t o  
corrosion or clogging than were the  ceramic injectors (ceramic porous 
in j ec to r s  a re  more su i t ab le  fo r  use i n  fu r the r  f low visual izat ion tes ts  when 
iodine i s  employed as a t race  gas). 
Outer  -Stream Inject ion  Tests  
A summary of pre l iminary  tes t s  conducted tn  the spherical  cavi ty  during 
the development of the outer-s t ream inject ion configurat ion i s  given i n  
TABLE I. Changes to  the  in jec t ion  conf igura t ions  were  based on information 
,~ obtained during the tes t  program and from the Inner-Gas Source Region t e s t s .  
The inner gas containment was evaluated with a i r  as the inner gas because the 
f i r s t  severa l  wal l  j e t  conf igura t ions  had s t rong  r ec i r cu la t ion  ce l l s  and la rge-  
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sca le  mixing. The containment r e s u l t s  were undesirable with either a i r  or 
Freon-11 as  the inner- je t  gases .  For these tests , the outer-stream air was 
heated and metered with the High Reynolds Number F a c i l i t y  Equipment. 
Porous Wall Cavity (Ew). - The f i rs t  s e r i e s  of tests (Runs 4a, e t c . )  were 
conducted with the porous wall cavi ty  (Fig.  6a,b)  or iented to  exhaust  upward. 
The outer stream was injected into the cavity through conical porous wall 
sect ions from t e n  plenums. The flow t o  each plenum was control led and was 
measured with a variable-area flowmeter. The cavi ty  surface area fed by each 
plenum, Numbers 3 through 10 (10 i s  nearest  the exhaust nozzle),  was approxi- 
mately equal t o  the  su r face  a rea  f ed  by  plenums Numbers 1 and 2 combined. The 
Ceramic F i l t e r  Cylinder with Porous End Injector (Fig.  4c) was employed w i t h  
the center approximately 2 i n .  (5.1 cm) from the upstream end of the cavi ty .  
The best  containment characterist ics were obtained by setting the flow rate 
through the four upstream plenums a t  approximately 10, 20, 30,  and 30 percent ,  
respectively, of the average flow rate (i.e. , t o t a l  flow rate/lO) and the  flow 
rate through the remaining six plenums a t  higher than average flow rates. 
For t e s t s  w i t h  WO/WI greater  than 20, the inner-gas concentration was d i lu t ed  
when the flow reached the center of the chamber. The t e s t s  w i t h  t h i s  con- 
f igura t ion  were terminated when the unsteady character is t ics  of the flow 
increased markedly. Examination of the inner-stream injector showed a break 
i n  the ceramic  porous wall. A second s e t  of t e s t s  (Runs 5 and 6)  were  con- 
ducted with the Foam and Dri l led Tube Injector  (Fig.  4 f )  and the outer-stream 
inject ion configurat ion employed i n  t h e  f i rs t  s e r i e s  of t e s t s .  Air and Freon-11 
were  used as the inner-stream gases. Because the  cavi ty  was posit ioned w i t h  
the  fluw exhausted upward, an increase in containment volume due t o  buoyancy 
e f f e c t s  was expected for tests with Freon-11 as the inner-stream gas. However, 
the use of Freon-11 did not improve the containment characterist ics which were 
approximately the same a s  f o r  t e s t s  u s i n g  a i r  as the inner-stream gas.  A 
t h i r d  s e t  of t e s t s  (Runs 14 through 21)  were conducted with the cavi ty  or iented 
t o  exhaust downward and using the Ceramic F i l t e r  Cylinder with Solid End 
In jec tor  and wi th  both  a i r  or Freon-11 as the inner-jet gas. The containment 
resu l t ing  wi th  th i s  in jec t ion  conf igura t ion  was the same a s  f o r  Runs 4 t o  6. 
The conclusion from t h e s e  t e s t s  was that the inner-gas containment was low and 
consequently that the Porous Wall Injector  configurat ion tes ted i s  not s u i t -  
ab l e  fo r  use in  the  fu l l - sca le  engine .  
Conical Wall Jet  Cavi ty  I ( C J - 1 , C J ) .  A s e r i e s  o f  t e s t s  (A,  C ,  D )  were 
conducted with the outer-stream injection configuration shown i n   F i g s .  6c and 
6d. The conical  wal l  je t  angles  were designed, using a momentum i n t e g r a l  
analysis ,  for  constant  flow per unit length along the cavity. The tangent ia l  
momentum added a t  each ax ia l  loca t ion  was designed t o  e n t r a i n  t h e  flow in jec ted  
upstream and keep the outer gas near the peripheral wall. Attempts t o  o b t a i n  
th i s  type  of flow i n  t h e  c a v i t y  were unsatisfactory because a large axisymmetric 
rec i rcu la t ion  ce l l  occur red  in  the  chamber. Although the outer gas flowed near 
the per ipheral  wall, su f f i c i en t  mixing between the outer stream and inner 
stream occured so that the average inner-gas density was low. 
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Conical Wall Je t  Cavi ty  I1 (CJ-I1,CJ). - The upstream half of the outer- 
s t ream inject ion configurat ion descr ibed in  the previous paragraph was 
modified by removing the conical  wall j e t s  from plenums 2 and 3 and placing a 
foam covered porous p l a t e  a t  the base of plenum 3. Although the inner gas 
: f i l l ed  a l a rge r  f r ac t ion  of the  cavi ty  for these tests (Runs Nos. 37 through 
40) than with the f irst  wall j e t  configuration, a large amount of mixing 
between the inner stream and the  outer  stream occurred. 
. .  
Coaxial Flaw Cavity. - A series of t e s t s  (Runs B)  were conducted with a 
cy l ind r i ca l  chamber similar t o  t h a t  shown i n  Fig.  5 ins ide  the  spher ica l  
cavi ty .  These tests were carried out to determine if  the  flaw pat te rns  
obtained i n  the Inner-Gas Source Region Tests could be obtained i n   t h e  
spherical  cavi ty .  This  quest ion arose during the tests with the Conical Wall 
Jet  Cavi ty-I  which produced large-scale mixing and l a rge  r ec i r cu la t ion  ce l l s .  
A cylinder of luc i te  shee t  was r o l l e d  t o  a 10 in.  inside diameter and fastened 
inside the spherical  cavi ty .  The outer-stream gas was in jec ted  from  plenums 
1 t o  3 through the foam and per fora ted  p la te  in le t  used f o r  t h e  modified wall 
j e t  t e s t s .  Flow pa t te rns  l ike those obtained in the Source  Region  Outer-Stream 
Flow t e s t s  were also obtained from these  t e s t s .  The conclus ion  a f te r  tes t s  B 
with the Coaxial Flow Cavity and a d d i t i o n a l  t e s t s  (Runs 37 through 46) with 
the Conical Wall Jet  Cavi ty-I  was tha t  the Conical Wall J e t - I  i n j e c t i o n  
system was causing the undesirable flow characterist ics and t h a t  improvements 
were required in the outer-stream injection Configuration. 
Annular Wall Je t  Cavi ty  I (AJ-1,CJ). - The dawnstream half  of the 
in jec t ion  conf igura t ion  for  the  cavi ty  was the  same as used for  the  conica l  
wall j e t  c a v i t i e s .  The upstream half of  the cavi ty  consis ted of annular wall 
j e t s  i n j e c t i n g  flow from plenums 4 and 5 and of a foam covered perforated 
p l a t e  a t  the lower end of plenum 3 in j ec t ing  flow from  plenums 1 t o  3. No 
flow was injected from plenum 6. The flow characteristics obta.ined with t h i s  
configuration (Runs 51 through 58) were similar to  those obtained with the  
previously discussed coaxial-flow configuration. The inner-stream gas region 
was approximately axisymmetric and f i l l e d  approximately one-fourth of the  
upper half of the  cavi ty .  The inner-stream concentration was d i l u t e d  i n  t h e  
downstream ha l f  of the  chamber due t o  r e c i r c u l a t i o n .  
Annular Wall Je t  Cavi ty  I1 (AJ-I1,CJ). - The upstream ha l f  of the Annular 
Wall Je t  Cavi ty  I was modified by adding a t h i r d  a n n u l a r  j e t  f o r  i n j e c t i n g  
flow from plenum 3 and by decreasing the diameter of the  foam and perforated 
p l a t e  fo r  i n j ec t ing  flow from  plenums 1 and 2 (Fig.  6e).  A s e r i e s  of 
explora tory  tes t s  ( R u n s  61 through 67) were conducted with t h i s  outer-stream 
inject ion configurat ion and the Ceramic F i l t e r  Cylinder with Solid End 
Injector (Fig.  4d).  The containment cha rac t e r i s t i c s  of the f low in the 
chamber with t h i s  outer-s t ream inject ion configurat ion was improved compared 
to  tha t  ob ta ined  in  the  prev ious ly  descr ibed  tes t s .  The region near the 
inner-gas injector was f i l l e d  with inner gas,  had r e l a t i v e l y  low turbulent  
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i n t e n s i t i e s ,  and had a re la t ive ly  smal l  amount of turbulent mixing between 
the inner gas and outer gas. The downstream half  of  the chamber contained 
r ec i r cu la t ing  flow with a law inner-gas concentration. The flow characteris-  
t i c s  ob ta ined  wi th  th i s  conf igu ra t ion  a re  desc r ibed  in  de t a i l  i n  a following 
sect ion.  
Conical Exhaust Cavity (AJ-I1,Cone) . - The lower half  of  the Annular Wall 
Jet Cavity I1 was modified by i n s t a l l i n g  a conica l  sec t ion  in  the  downstream 
half  of the  chamber (Fig. 6 f ) .  For t h e s e  t e s t s ,  flow was in j ec t ed  on ly  in  
the upstream ha l f  of the cavi ty .  The flow cha.racterist ics of t h i s  cav i ty  were 
s imilar  to  those obtained with the  Annular Wall Jet  Cavi ty  I. Reciyculation 
and mixing occurred i n  t h e  downstream ha l f  of the chamber a t  flow r a t i o s  
WO/WI of 80 and 133. Consequently,  the  inner-gas  concentration was low i n  
t ha t  region. For the same weight-flow r a t i o s ,  no  improvement over the apparent 
containment obtained with the Annular Wall Jet  Cavi ty  I1 could be discerned. 
EVALUATION OF ANNULAR WALL JET CAVITY I1 
A s e r i e s  of t e s t s  were conducted with the inject ion configurat ion for  
which the best  apparent inner-gas containment characterist ics were obtained 
during the prel iminary evaluat ion tes ts  descr ibed in  the previous sect ion,  
i .e. , the  Annular Wall Jet  Cavi ty  I1 (Fig. 6g,h) and the  Ceramic F i l t e r  Cup 
(Fig.  be) .  For these  t e s t s ,  t he  flow was exhausted downward from the chamber, 
the outer-stream flow r a t e  was held approximately constant and the inner- 
stream flow rate ,  the inner-s t ream inject ion locat ion,  the inner-s t ream gas,  
and the outer-stream flow distribution through the plenums was varied.  The 
amount of inner gas contained in the cavity was estimated by determining the 
volumes of the dark inner-gas regions and the l ighter  inner-gas  regions for  a 
frame of high-speed motion pictures. The iodine colored gas concentration i s  
eas i e r  t o  e s t ima te  from the color  motion pictures  than from the black and white 
photographs.  This  occurs  because shadows and l igh t  re f lec t ions  cause  
decreases or i nc reases  in  the  l i gh t  i n t ens i ty  which mus t  a l s o  be in te rpre ted  
for iodine concentrations.  Based on previous experience with iodine density 
measurements and flow visual izat ion s tudies  (Refs .  4 and 9), the dark inner- 
gas region was estimated t o  c o n t a i n  8 0 t o  100 percent inner gas and t h e  l i g h t  
region was est imated to  contain 10 t o  80 percent inner gas. Average values of 
80 percent concentration for the dark regions and 20 percent for t he  l i gh t  
region were considered conservative reasonable values and were  used i n  
estimating the containment volume. A slumnary of t h e  i n l e t  flow conditions and 
the apparent inner-gas containment results for these tests i s  given i n  
TABLF: 11. (A concentration measured, obtained after the work reported 
herein was completed, showed t h a t  f o r  a flow condition w i t h  r ec i r cu la t ion ,  
the inner gas concentration was l e s s  t han  e s t ima ted  in  th i s  r epor t .  The flow 
conditions for which r ec i r cu la t ion  was apparent are noted in TABU 11, Fig. 12  
and Fig. 14.)  
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The e f f e c t  of inner-stream weight-flaw rate and the inner-stream gas 
in jec t ion  loca t ions  on the containment characterist ics i s  shown i n  Figs. 8 and 
9 fo r  tests with air and Freon-11, respect ively,  as the inner-stream gas. For 
t e s t s  wi th  a i r ,  the  volume fraction of inner gas contained in the cavity is  
g rea t e s t  fo r  a weight-flow r a t i o  WO/WI = 50 and with the inner-gas  injector  
a d j a c e n t  t o  t h e  upstream end of the cavi ty .  The apparent containment volume 
decreased with increased weight-flaw ratio, Wo/WI, and with increased distance 
of the inner-gas injector from the upstream end. The volume of t he  l i gh t  
region increased with an i n c r e a s e  i n  WO/WI from 50 t o  100 for  the inner-gas  
'4 i n j ec t ion  ad jacen t  t o  and 1.0 in .  (2.5 cm) from the  upstream  end.  This was 
b ,  apparently due t o  an  inc rease  in  r ec i r cu la t ion  or mixing i n  t h e  downstream  end 
i' o f   the   cavi ty .  The i n t e n s i t y  of t he   r ec i r cu la t ion  flaw appeared to   dec rease  
as the inner  gas  injector  locat ion was moved t o  2.0 in. (5.1 cm) downstream 
from the foam. The apparent containment results from tests with Freon-11 as 
the inner gas show the same t rends as the results with air .  However, t he  same 
containment volumes are  obtained a t  higher values of WI or lower r a t i o s  of 
WO/WI. The e f f e c t  of buoyancy on the inner-gas containment characterist ics 
i s  apparent *om R u n  Nos. 104, 108, and 109 (Fig. 9 ) .  The Freon-11  forms  an 
axisymmetric column from t h e  i n j e c t i o n  l o c a t i o n  t o  t h e  upstream edge of plenum 
No. 8. Downstream of t h i s  loca t ion  the  Freon-11 concentration decreases due 
t o  mixing and rec i rcu la t ion .  
.F-I 
The flow dis t r ibut ion through the outer-s t ream plenums was then varied as 
shown in  F ig .  10. The ' s tandard '  f low dis t r ibut ion was t h a t  employed in  the  
tes ts  descr ibed in  the previous paragraph.  R u n s  94 and 95 have increased flow 
i n  the  upstream half of the  cavi ty  and have decreased and zero flow, respec- 
t i v e l y ,  on the downstream half  of the cavi ty .  Run 96 has decreased flow on 
the upstream ha l f  of the  cavi ty  and increased flow on the darnstream half of 
the cavi ty .  The time  exposure  photographs  do  not show s ign i f i can t  changes i n  
the containment characteristics; small differences in the containment 
cha rac t e r i s t i c s  were estimated from the color motion p ic tures .  For Run 96, 
the containment i n  t h e  upper port ion of the cavi ty  increased compared t o   t h a t  
obtained for R u n  92 with the standard flow d i s t r ibu t ions  which r e s u l t e d  i n  
an increased estimated containment volume f r ac t ion  of inner  gas  in  the  cavi ty .  
A graphic summary of the estimated containment results obtained with this 
cav i ty  a re  shown in  F ig .  12 as variations of the estimated volume f r ac t ion  of 
inner gas with the weight-flow ratio, Wo/W,. (Arrows a t  some data  points  
indicate  f low  conditions  with  recirculation. The estimated  containment 
volumes f o r  one of these flow conditions was greater than obtained from recent  
concentration measurements. ) Inner -gas volume f rac t ions  grea te r  than  0.2 were 
obtained for weight-flow ratios,  WO/WI, l e s s  t han  150 for  air and 23 for  
-eon-11 as the inner gases.  For t e s t s  w i th  a i r  as the inner-gas,  the contain- 
& ment volume decreases   s l ight ly   with  increasing  weight-f low  ra t io ,  Wo/WI. For 
tes ts  with Freon-11, the decrease i n  containment volume with increasing weight- 
flow r a t i o  i s  more pronounced. The conclusion from the t e s t s  w i t h  Freon-11 i s  
t h a t  buoyancy causes the inner gas t o   a c c e l e r a t e  downward faster than the 
outer-stream can entrain it and form a large inner -gas volume. For the tests 
with a i r ,  the  buoyancy e f f e c t s  are negl ig ib le  and the inner  gas  i s  entrained 
toward the outer-stream shear layer and consequently forms the larger inner- 
gas containment volume. 
CALCULATED SmAMLINE  DISTRIBUTION OF  LCkJ I N  SPHE€UCAL  CAVITY 
The s t reaml ine  d is t r ibu t ion  wi th in  a spher ica l  cav i ty  was ca lcu la ted  for  
s eve ra l  s e t s  of boundary conditions using a modified version of the Basic 
Computer Program descr ibed  in  Ref. 18. The Navier-Stokes equations of motion 
are  formulated in  f ini te-difference form as second-order equations with the 
stream function and t h e  v o r t i c i t y  as dependent variables. These equations are 
so lved  subjec t  to  the  in jec t ion  and exhaust boundary conditions by an i t e r a t i v e  
method of successive substi tutions.  Modifications were made to  the  Bas i c  
Computer 'Program which enable the calculation of flows with the following 
boundary conditions : 
1. Arbitrary t angen t i a l  and r ad ia l  ve loc i ty  d i s t r ibu t ion  around the  
per ipheral  wall. 
2. A point source of inner-stream f l u i d  placed on the  ax is  of  symmetry 
a t  an  a rb i t ra ry  d is tance  from the upstream end. 
3. A conical  exhaust  nozzle  attached  to  the  spherical  chamber. 
The s t reamline dis t r ibut ions,  calculated for  three sets of boundary conditions 
and flow proper t ies ,  a re  shown in  F ig .  13. For these three cases ,  (1) the 
r ad ia l  ve loc i ty  and densi ty  of the  flow in jec ted  from the  per iphera l  wall were 
constant a t  1 f t / s ec  (30.5 cm/sec) and 0.075 lb / f t3  (1.20 kg/m3), 
respectively,  (2) the inner-gas source strength was 5 percent of the flow 
in jec ted  from the  per iphera l  wall, (3) the inner gas was the same densi ty  
as the outer gas.  The cavity  diameter was equal t o  one foot .  For case (a)  the 
kinematic viscosity was a r b i t r a r i l y  chosen high, 13.3 f t2/sec (0.124 m2/sec) 
and the  tangent ia l  wall ve loc i ty  was zero. The inner-stream gas expands from 
the point source in the upstream portion of the  chamber b u t  contracts  as the  
flow  approaches  the  exhaust  nozzle. These flow cha rac t e r i s t i c s  were  observed 
in  the  exper imenta l  t es t s  wi th  the  Porous Wall Cavity. For case (b) ,  the 
kinematic viscosity was the  same as for  case ( a )  and the  tangent ia l  ve loc i ty  
was varied *om zero a t  the upstream end of the chamber t o  40 f t / s ec  
(12.2 m/sec) directed toward the exhaust nozzle a t  the edge of the exhaust 
nozzle. A s t rong  r ec i r cu la t ion  ce l l  formed in  the  sphe r i ca l  cav i ty  for these 
boundary conditions.  The flow in jec ted  from the  per iphera l  wall remain  close 
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t o  t h e  w a l l .  The flow from the point source flawed between the recirculation 
c e l l  and the  wal l  flaw similar t o  t h e  r e c i r c u l a t i o n  flow experimentally 
observed i n  the spher ica l  cav i ty  for  the  tes t s  wi th  the  Conica l  Wall Jet 1 
inject ion configurat ion.  For the experimental  tes ts ,  the  concentrat ion of the  
inner gas was law because of mixing between the streams which ind ica ted  tha t  
t h i s  flow condition i s  not  desirable .  For case (c),  the kinematic viscosity 
was decreased t o  0.1 f t2/sec (93 x m2/sec)  which i s  probably   c loser   to  
the  va lue  in  the  spher ica l  chamber. The tangent ia l  wall ve loc i ty  was a l s o  
decreased i n  an  a t tempt  to  obta in  flow i n   t h e   c a v i t y  which would not  recircu-  
l a t e .  These modifications to the flow conditions and properties caused the 
gas flaw from the inner-gas  source to  expand t o  f i l l  a l a rge  f r ac t ion  of the  
chamber and e x i t  from the chamber through the ehxaust nozzle without recircu- 
l a t i n g .  The present opinion of the author i s  tha t  flow conditions l ike those 
of case (c)  w i l l  be required to experimentally obtain high average inner gas 
concent ra t ions  in  the  spher ica l  chamber. The conclusion from th i s  s tudy  was 
tha t  the  ca lcu la t ions  of  flow i n  a spherical  cavity can be made which predic t  
the  flaw p a t t e r n s  i n  the spher ica l  cav i ty  and which w i l l  assist  i n  the  des ign  
or redesign of ou ter -s t ream in jec t ion  conf igura t ion  to  obta in  improved cavi ty  
containment cha rac t e r i s t i c s .  
COMPARISON OF RESULTS WITH COAXIAL FLOW 
F3SULTS AND CURRENT RFlQUIREMENTS 
The estimated inner-gas containment results obtained with the inner-gas 
in j ec to r  ad jacen t  t o  the  upstream end of the chamber are compared in  F ig .  14 
w i t h  previous resul ts  from coaxial-flaw studies and wi th  the  GNR open-cycle 
f l u i d  mechanics  sequirements. The upper range of the present spherical cavity 
r e s u l t s  with a i r  as the inner gas are well within the containment region of 
in te res t  des igna ted  on the graph. However, the present  spherical  cavi ty  
r e s u l t s  wi th  Freon-.l l  as the inner gas are lower than r ecen t ly  deemed su f f i c i en t  
f o r  use in  the  fu l l - sca le  engine .  Fur ther  e f for t  w i l l  be  required to  develop 
an inject ion configurat ion which i s  effective in producing desirable flow 
cha rac t e r i s t i c s  with the  dens i ty  r a t io  and buoyancy parameters expected i n   t h e  
ful l -scale  engine.  
SUMMARY OF RESULTS 
1. Approximately 25 percent  of  the spherical  cavi ty  was f i l l e d  w i t h  a 
high concentration of the simulated f u e l  in jec ted  from a small diameter source. 
For t h i s   t e s t   w i t h   t h e  Annular Wall Jet  Cavi ty  the rat io  of  s imulated pro-  
pe l l an t  flow ra t e  to  s imula t ed  f u e l  flow r a t e ,  WO/WI, was e q u a l  t o  100, a i r  
was employed as both the simulated fuel and propel lant .  
2. A r a t i o  of WO/WI equal 20 was required t o  f i l l  approximately 
22 percent of the spherical  cavity with Freon-11 (Mol wt =: 140) employed as 
the simulated fuel.  
3. The general  flaw c h a r a c t e r i s t i c s  i n  t h e  s p h e r i c a l  c a v i t y  were 
predicted by numerical solutions of the Navier-Stokes equations for boundary 
conditions similar t o  t h o s e  employed i n  t h e  experiment. 
4. Further  development  of  the  outer-stream  injection  configuration i s  
required to  obtain desirable  s imulated-fuel  containment  character is t ics  with 
r a t i o s  of s imulated-fuel  densi ty  to  s imulated-propel lant  densi ty  greater  than 
one. 
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LIST OF SYMBOLS 
PI 
PO 
Diameter of outer-stream blockage on foam and porous  p la te  in le t s ,  f t  ( m )  
Length of cy l ind r i ca l  chamber , f t  (m) 
volume flow r a t e  , f t3 / sec  (m3/sec) 
Maximum radius  of axisymmetric cavity, f t  ( m )  
Axial flow Reynolds number, dimensionless 
Radial  inject ion veloci ty  a t  cavi ty  wal l ,  f t / sec  (m/sec) 
Tangent ia l  inject ion veloci ty  a t  cavi ty  wall, f%/sec (m/sec) 
volume of cavi ty ,  f t 3  (m3) 
Volume of inner   gas   in   cavi ty ,  f t  ( m 3 )  
Weight-flaw r a t e  of simulated fuel, lb/sec (kg/sec) 
Weight-flaw r a t e  of inner-jet  gas,  lb/sec (kg/sec) 
Weight-flow r a t e  of outer-stream gas, lb/sec (kg/sec) 
Weight -flaw r a t e  of simulated propellant , lb/sec (kg/sec) 
Inner-gas density,  lb/ft3 (kg/m3) 
Outer -stream gas density, lb/ft3 (kg/m3) 
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TABLE I 
SIMARY OF PRELIMINARY TESTS IN SPHERICAL CAVITY DURING DEVELOBlEXT OF OVPER-STREAH INJECTION  COWFIGURATION 
See figs. 4 and 6 for  descr ipt ion of inner-stream 
and outer-stream injection configurations. 
TB: Timed Exposure;  Black and White Film 
R: : Timed Exposure;  Color  Film 
M: Kigh Speed Hotion Pictures 
Injection  Configuration i 
Notes Comments 
Addit imal  tests w i l l  be required to 
1 determine  containment  obtainable 
;o FYenum 
Freon-11 'IC 
Swirl i n  Air 
l+ Freon-11 M 
4 Air None 
No Swirl Air M Containment charactcsist ics obtained with 
i n   m e n u  Freon-11 M this configuration best obtained thus far. 
Air M For a g iven   ra t io  of WO/WI 
Freon-11 M 
Air TB 1 
TABm I1 
Run 
No. 
91 
92 
93 
94 
95 
96 
97 
98 
39 
100 
101 
107 
103 
10L 
1?5 
1 L ?  
137 
139 
109 
SUMMARY OF INLET FLOW  CONDITIONS AND APPARENT  INNER-CAS  CONTAINMENT  RESULTS 
FOR TESTS hTTH ANNULAR WALL JET CAVITY I1 
wo =: 0.51 l b / s e c   f o r   a l l   t e s t s   E s t i m a t e d  volume f rac t ion   of   inner   gas   equal  0.8 x 
dark  volume f r a c t i o n  plus 2 x l i g h t  volume f r a c t i o n .  
"Probably  lower  due t o  r e c i r c u l a t i o n .  A concent ra t ion  measurement  obtained a f t e r  th i s  
s tudy indicates  lower inner-gas  concentrat ion than est imated when r ec i r cu la t ion  occur s .  
T I n l e t  Flow Condition 
Air 
neon-11  
Freon-11 
1.0 in .  
Air 107 Downstream 
Air 2 14 of Foam 
Freon-11 40 
Air 
215 P i r  
Downstream 107 P.ir 
2.0 i n .  5 5  
from Foam 
Freon-11 40 
Freon-11 Adjacent 82 
t o  Foam 
Outer 
Stream 
I n j e c t o r  
D i s t r ibu t ion  
- 
~ 
Standard- 
Approximately 
Uniform 
Axia l ly  
Increased on 
Upstream Half 
Zero on 
Downstream Half 
Increased on 
Downstream Half 
Standard- 
Approximately 
Uniform 
Axial1 
Apparent Inner-Gas Containment Results 
Dark 
Volume 
Frac t ion  
.. . 
~" 
0.30 
0.20 
0.16 
0.23 
0.23 
0.29 
0.24 
0.11 
0 .31  
0.25 
0.2: 
0 .21  
0.12 
0.036 
0.18 
0.14 
0.10 
0.036 
0.028 
Dark ana 
Light 
Volume 
Frac t ion  
~~~ ~ 
0.47 
0.49 
0.50 
0 -039 
0.46 
0.50 
0.41  
0.32 
0.50 
0.40 
0.35 
0.43 
0.35 
0.18 
0.44 
0.27 
0.29 
0.18 
0.18 
Estimated 
Volume 
Frac t ion  of 
Inner Gas 
0.28 
0.18* 
0 . 2 6 ~  
0.22* 
0.23* 
0.28* 
0.23 
0.13 
0.28 
0.23* 
0.2v 
0.21* 
0.14* 
0.058 
0.20 
0 . w  
0.12* 
0.057 
O.O$ 
. .~~ 
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SKETCH OF OPEN CYCLE GASEOUS - CORE  NUCLEAR  OCKET  ENGINE SHOWING FLUID MECHANICS  ASPECTS 
FUEL INJECTION COAXIAL 
AND DEVELOPING FLOW 
FLOW REGION REGION ” 
EXHAUST REGION- 
PHOTOGRAPH OF SPHERICAL CAVITY  TEST  APPARATUS 
INNER-STREAM GAS fNLET  DUCT- 
'SPHERICAL' 
FIG. 2 
FIG. 3 
PHOTOGRAPH OF SPHERICAL  CAVITY  ASSEMBLED 
WITHOUT  INJECTION  CONFIGURATIONS 
SECTIONS ABOVE AND BELOW THE DOUBLE PLATE 
NEAR CENTER ARE CYLINDRICAL SECTIONS. 
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FIG. 4a,b,c 
SKETCHES OF INNER-STREAM  INJECTION  CONFIGURATIONS 
(a) SINTERED  METAL  SPHERE 
MATERIAL:  
N ICKEL 
DIMENSIONS: 
OUTSIDE DIAMETER - 2.0 IN. 
INSIDE DIAMETER - 1.75 IN. 
CONSTRUCTION: 
UPPER AND LOWER HEMISPHERE CEMENTED 
TOGETHER AND CEMENTED TO TUBE 
(b) SINTERED METAL HEMISPHERE 
MATERIAL :  
N ICKEL 
DIMENSIONS: 
OUTSIDE DIAMETER - 2.0 IN. 
INSIDE DIAMETER - 1.75 IN. 
CONSTRUCTION: 
HEMISPHERE CEMENTED TO PLATE AND TUBE 
(c) CERAMIC FILTER CYLINDER WITH POROUS END 
MATERIAL :  
COORS PORCELAIN COMPANY POROlJS 
CERAMIC P-100 
DIMENSIONS: 
OUTSIDE DIAMETER - 1.0 IN. 
LENGTH - 1.25 IN. 
CONSTRUCTION: 
POROUS TUBE  CEMENTED  TO  ADAPTER  AND  TUBE 
CONTINUED 
(4 CERAMIC FILTER  CYLINDER WITH SOLID END 
MATERIAL:  
COORS PORCELAIN COMPANY POROUS CERAMIC 
P-100 
DIMENSIONS: 
DIAMETER - 1.0 IN. 
LENGTH - 2.0 IN. 
CONSTRUCTION: 
BOTTOM PLATE OF POROUS TO BE CEMENTED TO 
CYLINDER SECTION. POROUS TUBE CEMENTED 
TO ADAPTER AND INLET TUBE. 
(e) CERAMIC FILTER CUP 
MATERIAL:  
CARTER  AUTOMOBILE  FILTER  CUP  NUMBER 
DIMENSIONS: 
UPSTREAM DIAMETER - 1.45 IN. 
DOWNSTREAM DIAMETER - 1.27 IN. 
LENGTH - 1.78 IN. 
CONSTRUCTION: 
CUP CEMENTED TO P L A T E  AND INLET TUBE 
(f) FOAM AND DRILLED  TUBE 
MATERIAL:  
SCOTT INDUSTRIAL FOAM 20 PORES PER INCH 
DIMENSIONS: 
FOAM OUTSIDE DIAMETER - 2.0 IN. 
FOAM LENGTH - 2.0 IN. 
TUBE DIAMETER - 1.0 IN. 
TUBE LENGTH - 1.5  IN. 
CONSTRUCTION: 
FOAM CYLINDER AND END CEMENTED TOGETHER. 
FOAM CEMENTED TO DRILLED TUBE. 
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FIG. 5 
SKETCH OF APPARATUS  EMPLOYED IN INNER-GAS  OURCE  REGION  TESTS 
10 IN. (25.4CM)  CHAMBER  DIAMETER 
OUTER STREAM BLOCKAGE DIAMETER 
INNER-STREAM INNER DUCT 
OUTER STREAM INLET CONSTRUCTED 
OF  PERFORATED  PLATE  AND !h IN. 
L ( 1 . 3  CM) THICK LAYER OF FOAM 
OUTER STREAM BLOCKED UPSTREAM OF 
P E R F O R A T E D  P L A T E  TO PROVIDE TAILORED 
VELOCITY PROFILE (SEE REF. 9) 
INNER GAS-AIR WITH IODINE 
VAPOR AS A TRACE GAS 
7 
EXHAUST TO LABORATORY VACUUM PUMPS 
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FIG. 6a.b 
SKETCHES OF 'SPHERICAL' CAVITY OUTER-STREAM INJECTlOlY  CONFIGURATIONS 
UPSTREAM  CONFIGURATION - POROUS WALL (PW) 
DOWNSTREAM CONFIGURATION - POROUS WALL (PW) 
9.0 IN. RAD  (REF) - 
PLENUM NUMBER 
CONFIGURATION: 
(10) 
-AXIS OF SYMMETRY 
PERFORATED PLATE 
0.020 IN. THICK LEXAN 
SHEET ROLLED INTO 
CONICAL SECTIONS (TYP) 
2 OR 3 ROWS OF % TO ?'I 
IN. DIA HOLES PUNCHED 
IN EACH CONICAL SECTION. 
MENTED  TO  LEXAN 
'A IN. THICK FOAM 
SHEET  (TYP) 
EXHAUST FLOW 
AXIS OF SYMMETRY 
\ AND  FOAM  INLET 
6 iN. RAD 
\ 3 !N. 
FIG. 6c,d 
SKETCHES OF 'SPHERICAL'  CAVITY  OUTER-STREAM I NJECTION  CONFIGURATIONS 
UPSTREAM  CONFIGURATION - CONICAL  WALL   JET1   (CJ - I )  
DOWNSTREAM  CONFIGURATION - CONICAL  WALL  JET  (CJ)  
PLENUM NUMBEF 
(1) 
(2 )  
( 3) 
UPSTREAM 
CONFIGURATION: 
CJ- I  
(4 )  
I 
D O W N S ~ R E A M  
CONFIGURATION: 
CJ 
9.0 IN. RAD  (REF) 
-AXIS OF SYMMETRY 
PERFORATED PLATE AND 
FOAM INLET 
WALL JETS FOR PLENUMS 
2 - 8 FORMED OF L E X A N  
SHEET 0.020 IN. THICK 
PLENUM WALLS CONSTRUCTED 
WITH PUNCHED HOLES, 'h IN. 
TO K IN. IN Dl& SPACED 
APART; LEXAN 0.020 IN. THICK 
APPROXIMATELY 2 HOLE DIA 
METAL DIE PUNCHED WALL JET 
CAPS ATTACHED TO PLENUMS 
9 AND 10 
I 
EXHAUST FLOW 
AXIS O F  SYMMETRY 
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FIG. 6e.f 
SKETCHES  OF  'SPHERICAL'  CAVITY  OUTER-STREAM  INJECTION  CONFIGURATIONS 
UPSTREAM  CONFIGURATION-ANNULAR  WALL  JET  I (AJ-I)  
DOWNSTREAM  CONFIGURATION-CONICAL  WALL  JET (CW) 
PLENUM NUMBER 1 
e) U PSTR  EAM 
CONFIGURATION: 
t 
I 
f )  DOWNSTREAM 
CONFIGURATION: 
cw 
( 1  0) 
BLOCKAGE UPSTREAM OF PERFORATED- 
P L A T E  9 IN. D I A  
Y/////////////////////// 
b/// / / /m- 
" .-.:-.~-:::-::~.:":-.-.~ . .. . ........ .................... .............................. -.-. LY.".*.-..i.2 
I I \ a 
4x1s OF SYMMETRY 
c 
INNER GAS 
INLET  TUBE 
} INJECTOR INNER-STREAM 
DISTANCE  FROM 
LOCATION - 
FOAM 
FOAM-0.5 IN. 
THICKNESS 
PERFORATED 
R L A T E  
YL lNDRlCAL 
1 INJECTORS 
I LEXAN  SHEET 
I ( 3  PLENUMS) 
0.020 IN. THICK 
I 
\ 
FIG. 6g,h 
SKETCHES OF ‘SPHERICAL’  CAVITY  OUTER-STREAM  INJECTION  CONFIGURATIONS 
CONFIGURATION USED FOR PARAMETRIC STUDY 
UPSTREAM  CONFIGURATION-ANNULAR  WALL  JET  I I (AJ- I I )  
DOWNSTREAM  CONFIGURATION-CONICAL  WALL  JET  (CW) 
PLENUM NUMBER 
CONFIGURATION: 
(4) 
h) DOWNiTREAM 
CONFIGURATION: 
9.0 IN. RAD  (REF.)  
--AXIS  OF  SYMMETRY 
BLOCKAGE UPSTREAM OF PERFORATED- 
P L A T E  7.2 IN. DIA 
///////////////I//// I 
INNER GAS 
INLET TUBE 
INNER-STREAM 
INJECTOR 
LOCATION - 
DISTANCE 
, FROM 
I FOAM 
I 
I 
I 
THICKNESS 
PERFORATED PLATE 
CYLINDRICAL 
LEXAN SHEET 
(3 PLENUMS) 
0.OZOIN. THICK 
//////// INJECTORS 
I \ SEE  FIG. 6d 
- 
////)\ 
\ 
\ 
FOR  CONSTRUCTION 
DETAILS OF CONICAL 
WALL   JET  (CW) 
i-i EXHAUST FLOW 
~ - -  
AXIS OF SYMMETRY 
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FIG. 8 
EFFECT OF WEIGHT  FLOW  RATE  AND  INJECTOR  LOCATION  ON FLOW CHARACTERISTICS 
WITH AIR AS INNER  STREAM GAS 
ANNULAR  WALL  JET  CAVITY II 
SEE T A B L E  IL FIGS. 4 AND 6 FOR DETAILS OF FLOW CONDITIONS AND GEOMETRIC FLOW CONFIGURATIONS 
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FIG. 9 
EFFECT OF  WEIGHT  FLOW  RATIO AND INJECTOR  LOCATION ON FLOW  CHARACTERISTICS 
WITH  FREON-11 AS INNER-STREAM GAS 
ANNULAR  WALL  JET  CAVITY II 
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FIG. 10 
DISTRIBUTION OF  OUTER  STREAM  FLOW  THROUGH  PLENUMS 
ANNULAR  WALL  JET  CAVITY II 
w = 0.5 LB/SEC (0.23 KG/SEC) 
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FIG. 11 
EFFECT OF FLOW  RATE  DISTRIBUTION ON FLOW  CHARACTERISTICS 
ANNULAR WALL JET CAVITY II 
SEE FIG. 10 FOR FLOW RATE DISTRIBUTIONS 
INNER  STREAM GAS - AIR 
OUTERSTREAM  INJECTION  DISTRIBUTION 
. .  -~ . 
(a) RUN 96 
INCREASED ON DOWNSTREAM H A L F ,  
DECREASED ON UPSTREAM HALF 
(c) RUN 94 
INCREASED ON DOWNSTREAM H A L F  
(b) RUN 92 (STANDARD) 
APPROXIMATELY UNIFORM AXIALLY 
(d) RUN 95  
ZERO ON DOWNSTREAM H A L F  
INCREASED ON UPSTREAM HALF 
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FIG. 12 
SUMMARY OF ESTIMATED  INNER GAS CONTAINMENT  RESULTS  OBTAINED 
IN ANNULAR  WALL JET  CAVITY II 
INNER-GAS VOLUME FRACTION ESTIMATED FROM HIGH-SPEED 
COLOR MOTION PICTURE FRAME 
SEE FIG. 6g,h FOR DETAILS  O F  CAVITY CONSTRUCTION 
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NONUNIFORMITY AND AXIAL UNIFORMITY, RESPECTIVELY, 
IN OUTER-STREAM INJECTION DISTRIBUTION. 
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STREAMLINE  PATTERNS FOR  FLOW IN SPHERICAL CAVITY 
STREAMLINES FED BY POINT SOURCE 
\\\' STREAMLINES  ENCLOSED BY F L U I D  FROM POINT SOURCE 
CAVITY DIAMETER = 1.0 F T  (30.5 CM) 
PERIPHERAL  WALL  RADIAL  VELOCITY, U, = -1.0 FT/SEC (-30.5 CM/SEC) 
POINT SOURCE LOCATED 0.5 IN. (1.2 CM) FROM UPSTREAM END WITH STRENGTH EQUAL 5 PERCENT OF FLOW FROM PERIPHERAL WALL 
Re, = 2 W R r v  = -0 URR/V 
(a) ug = 0 
v =  13.3 F T ~ / S E C  
Re = 0.3 
(b) 0 < Ugc -40 FT/SEC 
V = 13.3 F T  '/SEC 
Re = 0.3 
(c) 0 < Ug < -30 FT/SEC 
v = 0.1 F T ~ A E C  
Re = 40 
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FIG. 14 
COMPARISON OF PRESENT SPHERICAL CAVITY AND  PREVIOUS COAXIAL FLOW 
CONTAINMENT  RESULTS WITH  GNR OPEN-CYCLE FLUID MECHANICS REQUIREMENTS 
BEST CONTAINMENT RESULTS FROM EACH SOURCE USED IN COMPARISON 
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